for qualitative and quantitative analyses of the compounds in real samples. The other important detection is the use of redox reaction with electrochemical detectors such as amperometric, pulse amperometric and coulometric instruments. Phenolic compounds are easily oxidized with an on-line working electrode in an electrochemical cell. Although high sensitivity of phenolic compounds is obtained with amperometric detection, the oxidation requires a high potential of around 1 V. In this way, many matrix components are oxidized and thus chromatographic interferences increase. Another alternative is coulometric detection, 12, 13 up to three orders of magnitude in sensitivity is obtained for phenolic compounds, as compared to UV detectors such as photodiode array.
The aim of the present study is development of a selective and sensitive analytical method for alkylphenols by HPLC with coulometric detection. The alkylphenols in commercially available mineral waters are also determined as an application of the proposed procedures. The coulometric detector (ESA Coulochem II) used in present study is designed in a way such that the eluent flows through a porous graphite electrode. This leads to large cell constants which result in an enhancement of both sensitivity and signal stability.
Experimental

Materials and reagents
Authentic alkylphenols, 
HPLC-electrochemical detection (ECD)
The HPLC system consisted of a PU-1580 pump (Jasco, Tokyo), a low-pressure gradient unit LG-980-02 (Jasco), an injector (Reodyne 7125, Cotati) and a degasser (GASTORR GT-103, Lab-Quatec). Detection was carried out by an ESA Coulochem II (Model 5220A) with a dual electrode analytical cell (Model 5010) (Fig. 2) . The cell contains porous graphite working electrodes with associated palladium (Pd) reference electrodes and platinum counter electrodes. A Model 5020 guard cell was also fitted before the injector to oxidize contaminants in mobile phases. UV detection at 280 nm was also performed with a UV8010 detector (Tosoh). The analytical column was a 5-µm particle size Inertsil ODS-2 (150 × 4.6 mm i.d.) (GL Sciences, Tokyo). The column was maintained at 40˚C with a CO-8010 column oven (Tosoh). The flow-rate of the mobile-phases was 1.0 ml/min. The peak areas obtained from the detectors were calculated with Vstation chromatography software (GL Science, Tokyo, Japan) installed in an IBM computer.
Recommended detection procedure
The potentials of the first (E1) and second (E2) electrodes were set at 400 mV (vs. Pd) and 650 mV (vs. Pd), respectively. Therefore, the potential of the guard cell was selected at 700 mV (vs. Pd). The mobile phase used for bisphenol A (BPA) and p-tert-butylphenol (p-tert-BP) was acetonitrile-water (40:60) containing 0.2% H3PO4 (pH 2.2). The other alkylphenols were separated with acetonitrile-water (60:40) containing 0.2% H3PO4 (pH 2.2).
Determination of alkylphenols in mineral water
Alkylphenols in 500 ml of water samples were extracted with 100 ml of AcOEt. The same extraction procedure was repeated three times. The combined extracts were evaporated in vacuo at 40˚C. The resulting residues were dissolved in 100 µl of 1072 ANALYTICAL SCIENCES OCTOBER 2000, VOL. 16 acetonitrile and then aliquots (10 µl) were subjected to HPLC-ECD.
The determination was carried out with external standard calibration. The calibration was performed by plotted peak area versus injected amount.
Results and Discussion
Separation and detection of alkylphenols by HPLC-ECD
In general, phenolic compounds will easily form ionic structures (PhO -) in basic medium, and are also unstable. The anionic structure is not retained on ODS resins. Thus, the separation was carried out by reversed-phase liquid 1073 ANALYTICAL SCIENCES OCTOBER 2000, VOL. 16 chromatography using acidic mobile phases. Nine alkylphenols tested were completely separated with methanol-phosphate buffer (pH 3.45) (78:22). When the volume (%) of methanol was the same, the separation features were essentially the same with the eluents lower than pH 3.45. In these elution conditions, suitable oxidation potential required more than 1000 mV because of high concentration of methanol. Background currents were also increased in these high potentials. Therefore, the separation with aqueous acetonitrile containing H3PO4 or phosphate buffer was tested. The nine alkylphenols were separatable with the following 4 mobile phases: (A) acetonitrile-water (60:40) containing 0.2% H3PO4; (B) acetonitrile-water (65:35) containing 0.2% H3PO4; (C) acetonitrile-phosphate buffer (pH 3.45) (60:40); (D) acetonitrile-phosphate buffer (pH 3.45) (65:35). A typical chromatogram of alkylphenols obtained from coulometric detection is shown in Fig. 3 . The broadening of the peak p-NP seems to be due to a branched mixture. p-nNonylphenol (p-n-NP) was eluted after p-tert-octylphenol (ptert-OP) under the elution condition. Although the elution times in aqueous acetonitrile were shorter than aqueous methanol at the same volumes (%) and same pH values, the elution orders were same in all four mobile phases. Thus, coulometric detection parameters affecting detection ability was optimized with these four mobile phases.
Coulometric detector used is equipped with two electrodes connected in series. Two main operation modes called "screen" and "redox" are possible with this detector. When using redox mode, all target compounds are completely oxidized at high positive potential with the first electrode (E1). Afterwards the oxidation products are reduced with second electrode (E2). In the screen approach, E2 is used for analytical purpose. The first electrode (E1) is set at a lower potential than that of E2 to eliminate interferences in sample solution. In the present study, screen mode was adopted for the determination of alkylphenols in water samples.
Since more suitable operation potential is discernible with the experiment of hydrodynamic voltammetry, the hydrodynamic voltammograms (HDV) of the alkylphenols were determined to obtain the suitable oxidation potentials under 4 mobile phases (A -D). Figure 4 shows the HDVs of 8 alkylphenols. Figure 5 shows the background currents at various E2 potentials. The HDVs were displayed as current-voltage (C-V) curves. For two alkylphenols, i.e. BPA and p-tert-BP, which eluted faster than the others were also determined the C-V curves with mobile phase E, acetonitrile-water (40:60) containing 0.2% H3PO4 (pH 2.2), because the peaks were interfered with by system peaks and endogenous compounds in samples. E1 potential was fixed at 200 mV and that of E2 was changed from 200 to 800 mV with increments of 50 mV. In the mobile phases containing 0.2% H3PO4, the alkylphenols tested were gradually oxidized at more than 400 mV and maximum current was obtained around 650 mV. On the other hand, higher potentials than 550 mV were required for the mobile phases at pH 3.45. The main drawback of coulometric detection arises from the difficulties of performing gradient elution. The electrode in this type detector leads to rather large equilibration times when mobile phase composition is changed. Therefore, an isocratic elution using a mobile phase (A), acetonitrile-water (60:40) containing 0.2% H3PO4 (pH 2.2), was selected for the separation of alkylphenols, except for BPA and p-tert-BP (Fig. 6 ). These two, BPA and ptert-BP, were separated with acetonitrile-water (40:60) containing 0.2% H3PO4 (pH 2.2) (mobile phase (E)) (Fig. 7) . The currents were higher with lower concentrations of acetonitrile, and lower in higher acetonitrile concentrations. The background currents were higher with increment of acetonitrile (Fig. 5) . Consequently, E1 and E2 potentials were selected at 400 mV and 650 mV, respectively. The potential of guard cell was set at 700 mV to oxidize contaminants in mobile phases. Under these conditions, the background currents were less than 1 µA and better signal-to-noise ratios were obtained. The limits of detection (signal-to-noise ratio of 2) on chromatograms at 10 µl injection were 0.25 pmol (BPA), 1.0 pmol (p-NP) and 0.5 pmol (the other alkylphenols).
Determination of alkylphenols of mineral water in PET bottles
Concentrations of alkylphenols in mineral water were detetermined under the proposed elution and detection conditions. Nine types of water samples contained in PET bottles (4 imported and 5 domestic) were obtained from the city market. In general, extraction of alkylphenols is based on one of several extraction techniques, such as Soxhlet extraction, stream distillation, solid-phase extraction (SPE) and liquidliquid extraction (LLE). Among them, LLE and SPE are mainly adopted for aqueous samples. The extraction procedure chosen in the present study is LLE which is a more traditional method, because a large volume of water should be treated with relatively short times. Table 1 shows mean recoveries (n = 3) of alkylphenols added to 500 ml water under the present separation and detection conditions. Fairly low recovery of p-tert-BP was caused mainly by interference of contaminants in water, in spite of the use of ultra pure water. Since the amount is very low, the structure of the contaminant is currently unknown. The other recoveries higher than 57% seem to be enough for the determination of alkylphenols in mineral water samples.
The alkylphenols in nine samples were determined with two chromatographic conditions. Figure 8 shows typical chromatograms of sample A, which was selected as a representative of 9 samples. It is obvious that the sample contains BPA (ca. 6.5 min) and p-NP (ca. 17 min). When authentic BPA and p-NP were added to the sample solution, these peaks suspected to be BPA and p-NP were increased. The properties of the peaks allowed the structures to be identified as BPA and p-NP, respectively. The peak eluted near p-HXP (around 14 min) seems to be not a phenolic compound, because it is easily oxidized with lower potential at 400 mV of E1 electrode (Fig. 8D) . The identification of the substance was tried by on-line HPLC-MS. However, the structure is not obvious because of its low concentration. Two alkylphenols, i.e. BPA and p-NP, also appeared on the chromatograms obtained from the other 8 samples (B-I). Table 2 shows mean concentrations (n = 3) of BPA and p-NP in A-I samples. The concentrations of BPA and p-NP were 3 -10 ng/l and 19 -78 ng/l, respectively. The dissolution of the alkylphenols from PET bottles was also tested with heating at 50˚C for 8 h. The heat test was performed without opening of the bottles in water 1075 ANALYTICAL SCIENCES OCTOBER 2000, VOL. 16 bath. The concentrations were essentially the same between before and after heating. Hence it is not obvious whether the appearance of these alkylphenols is based on the dissolution from the vessels or not. Further studies are currently being done in our laboratories.
Conclusion
HPLC separation and coulometric detection for the determination of alkylphenols in mineral water were optimized. Coulochemical oxidation was efficiently performed in acidic media because of reducing the potentials of working electrodes at E1 and E2. Even if gradient elution was not feasible with coulometric detection, it showed advantages in terms of sensitivity and selectivity, when compared with the other detections such as UV and amperometric devices. The proposed separation and detection procedures were successfully applied to the determination of alkylphenols in mineral water. As the results, all the water samples in PET bottles contained parts-per-trillion (ppt) levels of BPA and p-NP. Since the method is simple, selective and sensitive, it might be useful for the detection of polar alkylphenols in aqueous samples. However, sample pretreatment method should be studied to raise the recovery of alkylphenols.
